In the cochlea, a high K + environment in the endolymph is essential for the maintenance of normal hearing function, and the transport of K + ions through gap junctions of the cochlear epithelium is thought to play an important role in endolymphatic homeostasis. The aim of the present study was to demonstrate the three-dimensional (3D) ultrastructure of spiral ligament root cells and interdental cells, which are located at both ends of the gap junction system of the cochlea epithelium. Serial semi-thin sections of plastic-embedded rat cochlea were mounted on glass slides, stained with uranyl acetate and lead citrate, and observed by scanning electron microscopy (SEM) using the backscattered electron (BSE) mode. 3D reconstruction of BSE images of serial sections revealed that the root cells were linked together to form a branched structure like an elaborate "tree root" in the spiral ligament. The interdental cells were also connected to each other, forming a comb-shaped cellular network with a number of cellular strands in the spiral limbus. Furthermore, TEM studies of ultra-thin sections revealed the rich presence of gap junctions in both root cells and interdental cells. These findings suggest the possibility that both root cells and interdental cells contribute to K + circulation as the end portion of the epithelial cell gap junction system of the cochlea.
The mammalian cochlea has two unique compartments filled with endolymph and perilymph. For the conversion of an acoustic stimulus into an electrical signal, high K + and highly positive-potential environments are essential in the endolymph (4, 12, 13) , because hair cell depolarization in the organ of Corti is produced by the flow of K + into the hair cells. K + is then promptly released into the extracellular space at the basolateral site of the hair cell (18) and is incorporated into the supporting cells (30) . Next, K + in the supporting cells is most likely recycled back to endolymph by several different mechanisms to maintain a high K + environment in the endolymph. Previous studies using freeze-fracture electron microscopy have shown the presence of gap junctions in supporting cells, which suggests that communication occurs between these cells (9, 17, 31) . Kikuchi et al. (20) further studied the distribution of gap junctions in the cochlea by both immunohistochemistry and transmission electron microscopy (TEM) and identified the importance of K + transport through cell-to-cell gap junctions in endolymph homeostasis. This research suggested the presence of two independent gap junction systems: the "epithelial cell gap junction system" and the "connective tissue gap junction system." The epithelial cell gap junction system contains spiral ligament root cells, outer sulcus cells, supporting cells (of the organ of Corti), inner sulcus cells, and interdental cells, whereas the wave-accelerated method (10) . Briefly, the specimens were immersed in a glass beaker containing 200 mL of the EDTA solution, which was then placed in an ice bath, and intermittently irradiated at 300 W using a microwave processor (MI-77; Azumaya Ika Kikai, Tokyo, Japan) at a temperature below 40°C. Microwave irradiation was performed for 6 h per day, and the solution was stirred gently at about 20°C when not being subjected to irradiation. The EDTA solution was changed daily and the total treatment time was 2-3 days. All decalcified specimens were post-fixed using a modification of the ferrocyanide-reduced osmium method (37), by treating with 2% osmium tetroxide containing 1.5% potassium ferrocyanide for 3 h at about 20°C. The specimens were then dehydrated through a graded series of ethanol and embedded in Epon 812. Semithin sections at 0.5-μm thickness were serially cut with a diamond knife, mounted on glass slides, stained with toluidine blue, and observed with a light microscope (DP80; Olympus, Tokyo, Japan). For SEM, the toluidine blue-stained sections were further stained with uranyl acetate for 10 min and lead citrate for 5 min. Glass slides of the sections were cut into small pieces, mounted on aluminum stubs with conductive tape, coated with platinum-palladium (1-nm thick) by using an ion-coater (MSP-10; Vacuum Device Co. Ltd., Ibaraki, Japan), and observed in a scanning electron microscope (SU3500; Hitachi, Tokyo, Japan) at an accelerating voltage of 5 kV. BSE images were obtained with a highly sensitive, annular BSE detector. The positions and boundary inclinations of serial section images, reversed in black-and-white contrast, were adjusted with Delta Viewer (a freeware program for Macintosh available on the internet; Wada M, Osaka, Japan), arbitrary lesions were selected with Adobe Photoshop CS (Adobe, CA, USA), and 3D reconstruction was performed with Amira 5 (Maxnet, Tokyo, Japan) using a personal computer.
Transmission electron microscopy (TEM).
The specimens fixed above were embedded in Epon 812 using the same procedure as SS-SEM. Ultra-thin sections at a thickness of 70 nm were cut, placed on 150-mesh copper grids, stained with uranyl acetate (for 10 min) and lead citrate (for 5 min), and observed under a transmission electron microscope (H-7650; Hitachi) at an accelerating voltage of 80 kV.
connective tissue gap junction system is composed of fibrocytes of the spiral ligament, basal cells and intermediate cells of the stria vascularis, and fibrocytes of the spiral limbus. Since then, many researchers have been interested in the localization of connexin subtypes (e.g., connexin 26, 30, 31, and 43) in the inner ear (1, 8, 15, 23, 27) . The existence of hearing loss diseases that are caused by mutations of these connexin genes also supports the critical importance of K + circulation through gap junctions in normal hearing (3, 19, 26, 29) . Because root cells and interdental cells are located at both ends of the epithelial cell gap junction system and are found in close proximity to the connective tissue gap junction system, these cells are considered to play an important role in K + circulation by delivering K + from the epithelial cell gap junction system to the connective tissue one. However, the structure of these cells has not been fully investigated in relation to their three-dimensional (3D) arrangement. Thus, the aim of this study was to clarify the 3D arrangement of root cells and interdental cells through the 3D reconstruction of semi-thin serial sections by scanning electron microscopy (SEM) using the backscattered electron (BSE) mode. We also investigated the presence of gap junctions in these cells by transmission electron microscopy (TEM).
MATERIALS AND METHODS

Animals.
Male Wistar rats, 8 to 10 weeks of age, were used in our study. This study was performed with the approval of the Ethics Committee for Animal Experimentation at Niigata University (No. 209-2).
Serial section SEM (SS-SEM).
Under deep anesthesia with pentobarbital sodium (0.13 mg/g) the animals were perfused through the heart with a physiological saline followed by a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). After perfusion fixation, the temporal bones were rapidly removed from the body and the tympanic bullae were opened with forceps. In order to expose the cochlear duct, the round window was perforated, the stapes was removed, and the bone wall of the cochlear apex was partially removed under a dissecting microscope. These dissected tissues were immersed again in the same fixative for at least 24 h at 4°C. Samples were decalcified in 10% ethylenediamine tetraacetic acid (EDTA) in 0.1 M phosphate buffer (pH 7.4) according to a modification of the micro-Outer sulcus cells were characterized by a darkly staining cytoplasm and appeared to extend their processes into the spiral ligament, showing a connection to the root cells (Fig. 1b´ ). Although the shape of fibrocytes in the spiral ligament was not clear by BSE-mode SEM, the shape of the root cells was clearly determined because of their bright cytoplasm. These root cells were connected to each other to form a large, branched cellular mass in the spiral ligament, as if it was elaborately branched like a tree root (pink-colored cellular mass in Fig. 2a-f) . Observations of the inner sulcus and spiral limbus by BSE-mode SEM (Fig. 1c´) revealed that inner sulcus cells had a bright cytoplasm and were lined on the surface of the inner sulcus. Some inner sulcus cells were connected to strands of interdental cells in certain regions. Each cellular strand consisted of a number of interdental cells and ran parallel to each other toward the surface facing the tectorial membrane. The interdental cells on the top surface then extended their processes to make a plate-like structure. At the inner end of the spiral limbus, the interdental cells were connected to cells of the Reissner's membrane (Fig. 3a-f ).
RESULTS
Light microscopy and BSE-mode SEM
Light microscopy of toluidine blue-stained semi-thin sections was useful for observing the entire shape of the cochlea (Fig. 1a) . The top, middle, and basal turns of the cochlear duct were determined in the cross-section images along the modiolus. Reissner's membrane, tectorial membrane, organ of Corti, spiral limbus, spiral ligament, and stria vascularis, as well as hair cells and supporting cells (i.e., Deiters cells, pillar cells, Hensen's cells, Claudius cells, inner sulcus cells, and outer sulcus cells) were also identified at higher magnification. However, the shape of interdental cells of the spiral limbus and root cells were not clear by light microscopy (Fig. 1b, c) . After observation by light microscopy, the semithin sections were observed by BSE-mode SEM (Fig. 1a´-c´) . Because BSE-mode SEM is more useful for observing semi-thin sections at higher magnification than light microscopy ( Fig. 1a´) , the hair cells and supporting cells in the organ of Corti, as well as the outer sulcus, the spiral ligament, and the stria vascularis, were more clearly observed at the high magnification of SEM images. BSE images obtained from serial semi-thin sections by SEM. We also observed these cells by TEM and confirmed the presence of gap junctions in these cells. Thus, we succeeded in demonstrating the entire 3D shape of the root cell mass and interdental cell mass-the part of the epithelial gap junction system in the cochlea responsible for K + maintenance of the endolymph.
Root cells
The specific form of root cells was first reported in the 19th century, and these cells were considered to be the key component connecting the sensory epithelium in the cochlear lateral wall. Lawrence (24) observed the cochlea of rhesus monkeys by light microscopy and showed how root cells had stretched out the cytoplasmic processes located at the lower region of the spiral ligament. Duvall (6) observed the outer sulcus and the root cells of guinea pigs by TEM, showing that the root cells formed branched bundles. Additional TEM studies also revealed the ultrastructure of root cells (7, 34 ), but few studies have focused on the 3D architecture of root cells, except a study by Jagger et al. (16) , in which a dye was injected into root cells to demonstrate their spread. Our 3D reconstruction studies revealed that a number of root cells connect with each other to form a branched cell mass, similar in shape to a tree root. These elaborate branches were found to be buried in the spiral ligament, where type II fibrocytes were also shown to be distributed over the inferior region of the cochlear lateral wall (33). Because the hypothesis that K + circulation is directed from the outer hair cells to the cochlear lateral wall is generally accepted, K + is thought to be transported through gap junctions located between epithelial cells, according to its concentration gradient. Previous studies also revealed the presence of Na + , K + -ATPase and Na
− cotransporters in type II fibrocytes, which probably act as a driving force that produces concentration gradients (5, 14, 28, 32, 33). These findings suggest that the elaborate branches of the root cell mass may play an important role in transporting K + to type II fibrocytes. The large surface area of root cells may be necessary for efficient K + circulation (Fig. 6 ). Liu and Zhao (27) determined the expression of connexin 26 and 30 on the root cells of the rat cochlear, whereas Liu et al. (26) showed that expression of connexin 43 on the root cells of the mouse cochlea. Our preliminarily immunohistiochemistry studies showed that connexin 26 and 30 are expressed in the rat epithelial gap junction system, ex-
3D reconstruction of root cells
After obtaining BSE images of 120 semi-thin serial sections by SEM, the positions and inclinations of black-and-white reversed images were adjusted, and arbitrary lesions were selected using a personal computer (Fig. 2a-f ). 3D reconstruction of root cells and outer sulcus cells showed that root cells, together with outer sulcus cells, were connected to each other to form an elaborately branched cell mass, the shape of which is similar to that of a tree root (Fig. 2g-i) . The nuclei of the cell column were concentrated toward the outer sulcus side.
3D reconstruction of interdental cells
3D reconstruction of interdental cells and inner sulcus cells was made from 120 serial sections (Fig. 3a-f) . The interdental cells in the inner side near Reissner's membrane were spherically shaped and connected to each other to form a single layer facing the tectorial membrane. The interdental cells in the outer side near the vestibular lip were elongated and extended their plate-like processes toward the surface to form a continuous plate that faced toward the tectorial membrane. The interdental cells in this portion also formed several cellular strands by connecting to interdental cells in line. These interdental cell strands were also connected to inner sulcus cells. Thus, the interdental cells and the inner sulcus cells formed a comb-shaped cellular network in the spiral limbus (Fig. 3g-j) .
Transmission electron microscopy (TEM)
In the spiral ligament, the cell membranes and organelles of root cells were clearly detected by TEM (Fig. 4a-c) . The root cells had oval nuclei, many mitochondria, and irregular membranes that interdigitated with adjacent cells (Fig. 4a) . At higher magnification, gap junctions were observed in the areas between the root cells (Fig. 4b, c) . Similar findings were also confirmed in the interdental cells of the spiral limbs (Fig. 5a-c) . The interdental cells had oval nuclei with irregular membranes that interdigitated with each other (Fig. 5a) . Gap junctions were also observed between these membrane interdigitations (Fig. 5b, c) . Adherent junctions were also found between the plate-like processes facing the tectorial membrane.
DISCUSSION
In the present study, we attempted to elucidate the 3D architecture of root cells and interdental cells in the rat cochlea by performing 3D reconstruction of 
Serial section SEM
Here, we performed BSE imaging of plastic-embedded semi-thin sections on glass slides by SEM, which allowed us to examine the ultrastructure of the cochlea. These images are similar to classical TEM images of ultrathin sections but can be compared to light micrographs of the same portions after staining the sections with toluidine blue. This technique is useful for observing wide areas of the sections without any obstructions in view, such as the TEM specimen grid (21) . Previously, our group also reported the 3D reconstruction of the Golgi apparatus by using BSE images of serial ultrathin sections obtained from SEM (22) . Here, we applied this technique to serial semithin section studies to analyze the 3D arrangement of cellular components in the rat cochlea. We thus showed that this technique is useful for visualizing the 3D arrangement of root cells and interdental cells, even though these cells are surrounded and cept in root cells. Further studies are needed to clarify this expression pattern.
Interdental cells
Previous research results suggest that interdental cells function as anchoring cells (11) as well as secretory cells of the tectorial membrane (2) . In addition to TEM-based morphological analysis (25, 36) , Spicer and Schulte (35) categorized interdental cells into three groups based on their localization: lateral, central, and medial interdental cells. Our 3D reconstruction studies of interdental cells revealed that all interdental cells are connected to each other, forming a continuous cell network in the spiral limbus. The presence of gap junctions in this cellular network suggests that this portion also acts as the end of the epithelial cell gap junction system for K + transport (Fig. 6) . Few studies have examined K + circulation from the inner hair cells, while K + circulation from the outer hair cells is better understood. Our plausible hypothesis to consider is that K + incorporated in the inner hair cells is circulated to the endolymph, though its specific route has not been clearly determined. Spicer and Schulte (35) claimed the presence of an "inside route" (through the border cells, the inner sulcus cells, and the interdental cells) and suggested embedded in the connective tissue components of the spiral ligament and the spiral limbus. Thus, this technique has great potential in examining various cell components, allowing for 3D reconstruction of a wide range of cells and tissues.
In conclusion, the present study demonstrated the ultrastructure of root cells and interdental cells and showed the 3D arrangement of these cells via the 3D reconstruction of BSE images obtained from serial semi-thin sections by SEM. In the 3D reconstructed images, the root cells were linked together to form a branched structure, similar to a tree root in the spiral ligament. The interdental cells were also connected to each other to form a comb-shaped cellular network in the spiral limbus. TEM studies revealed the presence of gap junctions in both the root cells and in the interdental cells. These findings strongly suggest that both root cells and interdental cells contribute to K + circulation as the end portion of the epithelial cell gap junction system of the cochlea.
